"Pharmacologic or medical trabeculectomy" is a term first used in the 1970s. This describes a process by which the trabecular meshwork (TM) can be biochemically manipulated in order to reduce the outflow resistance and, thus, the intraocular pressure (IOP). The TM is now regarded as a complex organization of multiple components, which play a major role in aqueous humor (AH) dynamics. Indeed, it is largely a function of AH dynamics to maintain IOP in a steady state.
"Pharmacologic or medical trabeculectomy" is a term first used in the 1970s. This describes a process by which the trabecular meshwork (TM) can be biochemically manipulated in order to reduce the outflow resistance and, thus, the intraocular pressure (IOP). The TM is now regarded as a complex organization of multiple components, which play a major role in aqueous humor (AH) dynamics. Indeed, it is largely a function of AH dynamics to maintain IOP in a steady state. 1 In cases of primary open angle glaucoma (POAG) and normal-tension glaucoma (NTG), the IOP can be controlled by either reducing the ingress of AH or by increasing the egress from the eye. Most of the medications in use now reduce aqueous production or the aqueous outflow through the unconventional uveoscleral pathway. According to one school of thought, decreasing the aqueous production and thus reducing aqueous outflow through the TM will progressively be detrimental to the trabecular function.
This could be further accelerated by concurrent prostaglandin analog use, which directs aqueous away from the meshwork to the ciliary body. 2 In order to overcome this, and to develop a new line of approach to the management of glaucoma, interest is developing on the trabecular outflow pathways, and the modulation of which, can be used to reduce IOP. In this review we take a look at the agents that have been investigated to improve the facility of AH outflow.
Glycosaminoglycanisases
Glycosaminoglycans (GAGs) are negatively charged particles found on the surface of TM cells, in the extracellular matrix (ECM) and the surface of cells lining the Schlemm's canal (SC). GAGs are responsible for cell matrix interactions, growth factor binding, and the sequestration and maintenance of tissue structural integrity. GAGs may induce hydration (edema) of the TM, leading to the obstruction of the trabecular structure.
Agents such as testicular hyaluronidase (TH), chondroitinase ABC, alphachymotrypsin, and cytochalasins result in IOP reduction by degrading GAGs in the ECM, disruption of actin assembly, or by preventing the polymerization of microtubules.
Hyaluronic acid (HA) was first discovered by Meyer Palmer in 1934 in bovine eyes. Soon thereafter, the enzyme hyaluronidase was discovered in pneumococci in 1936 and this was found to be identical to the spreading factor of Hoffmann and Duran-Reveals, which was obtained from testicular extracts. 3 In comparison to TH, streptomyces hyaluronidase (SH)
is a more specific HA-degrading enzyme, active over a wide pH range, [4] [5] [6] [7] [8] [9] [10] it is temperature stable, and is not inhibited by sulfated GAG polymers.
Testicular Hyaluronidase
TH was first demonstrated by Barany to reduce the outflow resistance in enucleated eyes. This agent appears to bring about structural changes in the juxtacanalicular tissue (JCT). It also facilitates movement of aqueous solutions through the connective tissues by acting along a pressure gradient.
The initial action of TH is to reduce the interaction of mucopolysaccharide solution with the confining structures and later, when considerable degradation of the tissues has occurred, the interaction of water with the mucopolysaccharides is affected. This affects AH dynamics, leading to increased outflow. Studies have found that the TM has hyaluronidasesensitive and hyaluronidase-resistant areas, which respond differently from hyaluronidase. 4 A rapid exchange of anterior chamber contents with hyaluronidase was found to produce a rapid fivefold increase in facility with stabilization of measured facility after perfusion for 3 hours or more. The changes in the facility of outflow (the so-called "washout-phenomenon") are assumed to be due to the gradual dissolution of the hyaluronidase-sensitive component of the JCT. 5 Some other studies found only a moderate decrease in the HA in perfused, control eyes. They concluded that the "wash-out" effect of prolonged infusion is the result of other cellular or extracellular changes in the aqueous outflow pathway, rather than due to removal of GAGs per se. 6 In another study, perfusion of TH was associated with a 50 % decrease in aqueous outflow. It has been suggested that in nonprimate species there is a GAG barrier to aqueous outflow, which is sensitive to TH infusion. In human eyes, infusions of TH have given variable and inconclusive results.
Infusion of 100 units of TH resulted in a moderate overall effect. However, a significant increase was observed at 30 minutes. The maximum effect was a 29 % decrease in outflow resistance. However, anterior chamber injection of bovine TH in rabbit eyes in amounts ranging from 1.5-150 IU was found to produce persistent corneal edema, severe anterior chamber fibrin, and endothelial necrosis in majority of eyes. 7 
Streptomyces Hyaluronidase
Infusion of SH was found to result in a significant increase in the facility of outflow after 15 minutes. The total decrease in outflow resistance was 4-6 % for 1 unit and 50 % for 10 units of SH. This study showed SH is more effective than TH in degrading HA. 
Alpha-chymotrypsin
Alpha-chymotrypsin is a protease that was used to lyse lens zonular fibers during intracapsular cataract extraction. Anterior chamber perfusion of 50 µg/ml alpha-chymotrypsin in monkey eyes caused a marked rise in outflow facility. Structurally, the intertrabecular spaces in the angle were found to be wider than normal, openings in the uveal and corneoscleral meshwork appeared enlarged, there was ballooning of the juxtacanalicular TM and innerwall of the SC into the canal, and also splitting of the innerwall of the canal. 8 Bill reported that a 30-minute perfusion of 50 U/ml alpha-chymotrypsin lead to a marked rise in outflow conductance, which was well maintained over 2 hours. No side effects were noted during the experiment or for a few weeks subsequently. 9 However, Melena noted an increase in the AH protein levels attributed to the breakdown of the blood aqueous barrier leading to ocular hypertension in rabbits.
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Calcium Chelators
Calcium ions are required for cell adhesion and permeability in many systems. Thus, removal of calcium ions (Ca++) from the AH can alter the biochemical properties of the TM. This would affect AH dynamics and "might be a procedure of interest in the treatment of glaucoma." Experiments have shown that infusion of Na2EDTA led to a marked rise in gross outflow facility at 4 mM as well as at 6 mM. The outflow facility was found to increase 20 minutes after the start of the perfusion and reached a maximum at 40-50 minutes. The adverse events noted were pupillary dilatation and corneal cloudiness, which remained for 1-2 weeks before subsequently subsiding. Similarly, 80-90 minutes of EGTA infusion also caused a marked increase in gross outflow facility, which was however partly reversible. These effects have been attributed to the binding of Na2EDTA to Ca++ and Mg++, while EGTA is a rather specific Ca++ chelator.
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The decrease in outflow resistance has been attributed to: loss of cell processes from trabecular cells, damaged trabecular cores, distention of the cribriform meshwork with loss of ECM, ballooning of the IW of the SC into the SC, and ruptures in the IW. 12 Hamanaka reported the AC perfusion of 0.5mM of Na2EDTA in monkey eyes to be effective in increasing the facility of aqueous outflow within 60 minutes. However, after interruption of perfusion there was rapid reduction in outflow facility, which is presumed to be due to occlusion of the ruptures in the SC by thrombocytes. 13 The commercial application of calcium chelators in glaucoma management is yet to be seen. Na2EDTA suffers from the disadvantage of not being able to penetrate the corneal epithelium. Thus, it has to be infused directly into the AC or possibly by the use of iontophoresis.
Cytochalasins
Cytochalasins are fungal metabolites that were found to interfere with the polymerization process by which globular cytoplasmic actin aggregates into microfilaments of actin. Anterior chamber infusion of cytochalasin-B and -D in monkey eyes was found to cause distention of the cribriform meshwork, separation of its cells, and ruptures in the IW endothelium, leading to washout of the extracellular material. This also lead to a sixfold increase Cytochalasins bind to the growing end of the microfilaments, capping them and prevent the polymerization of actin monomers into F-actin containing microfilaments. 19 Actin filaments are normally in a state of polymerization and depolymerization. Cytochalasin interferes with the polymerization, leading to shifting of the equilibrium towards eventual depolymerization of the microfilaments. Cytochalasin D in humans has been reported to produce changes that were similar to those seen in primates with cytochalasin B.
Cells in the uveal and corneoscleral meshwork remained intact, unlike findings in a study of monkeys where separation, degeneration, and disappearance of meshwork cells in this region was observed. The facility of outflow returns back to baseline after a few hours as the IW endothelium cells get replaced, with plugging of the breaks with platelets and synthesis of the lost extracellular matrix components.
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Colchicine
Colchicine is a plant alkaloid that binds specifically with tubulin on topical or intravitreal injection. Thus, it prevents polymerization of microtubules in various locations in the eye. 12, 20 A topical application of 50 or 100 µg of colchicine was found to produce significant lowering of IOP after 24 hours.
The mechanism of action of colchicine is through an increase in the rate of aqueous outflow. However, despite continuous administration of colchicine the IOP returns to baseline. Colchicine administration is also associated with significant ocular toxicity to the cornea and other anterior segment structures.
Subsequently, IOP becomes elevated due to obstruction or disorganization of the outflow pathways. Lumilcolchicine is an inactive isomer with insignificant affinity for tubulin. This isomer does not affect aqueous outflow, thus the mode of action of colchicine is through its interaction with tubulin and cytoskeletal elements in the trabecular meshwork.
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A study by Williams on albino rabbits showed that topically administered colchicine can also decrease the AH production in a dose-dependent manner. The mean rate of AH formation in control eyes was 3.68±0.09
μl/min (n=16). While, it decreased to 1.8 μl/min in eyes treated with 40 μg colchicine. In eyes treated with 10 μg/eye, the gross outflow facility was found to be 0.49±0.03 μl/minute/mmHg, which was significantly greater than that of the contralateral control eyes (0.39±0.03 μl/minute/mmHg).
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H7
H7 (1-(5-isoquinolinyl-sulfonyl)-2-methylpiperazine) is a broad-spectrum serine-threonine kinase inhibitor. It has been found to reversibly increase outflow facility across the TM and, consequently, reduce the IOP. 22 It blocks the phosphorylation activity of diverse serine-threonine kinases including protein kinase C, myosin light chain kinase (MLCK), and Rho kinase. It also reduces the actinomyosin-driven contractility and leads to deterioration of the actin microfilament system. 23, 24 Adhesions between cells and between cells and the ECM in the TM contribute to the geometry and flow resistance within the TM. These adhesions include complex transmembrane interactions between the external cell surface and the actin-based cytoskeleton. This is mediated by specific adhesion receptors (integrins and cadherins) and a variety of submembrane anchor proteins (e.g. vinculin and catenins), which link the microfilaments to the membrane in these sites. In a study by Liu, treatments with 100 µM of H7 led to a mild effect of cell rounding and apparent thickening towards the centre of cells, within 1 hour of exposure. After exposure to 300 µM of H7 for 1 hour the cells became more refractile towards the centre. After 24 hours of exposure to 100 µM or 300 µM of H7, nearly all treated cells showed these changes.
Also, actin-containing bundles were found to deteriorate rapidly after 30 minutes of exposure to H7, especially at higher doses. With longer exposures (2 hours), the stress fiber network was obliterated leaving only a diffuse mesh of actin filaments, mostly at the cell periphery. 22 Side effects noted in the above study include a transiently increased protein concentration in the anterior chamber on treatment with 400 mM of H7. There was also an increased entry of intravenous fluorescein into the AH and cornea. There was an increase in the corneal thickness, with the corneal endothelial cell borders found to be indistinct on specular microscopy.
Tian noted a significant IOP reduction during 1 to 6 hours after topical instillation of H7 at a concentration of 400 mmol/l with a maximal decrease Compared with latanoprost and bimatoprost, this compound was found to be more potent in preventing IOP spikes in an acute hypertensive rabbit model. No significant side effects, especially hyperemia were noted. 36, 37 AR13324 inhibits both Rho-kinase and norepinephrine transporter to increase trabecular outflow and decrease aqueous production as well.
Topical AR13324 0.02 % and latanoprost in once-daily dosing were found to be equally effective in controlling IOP. The only side effect noted was mild to moderate conjunctival hyperemia. (NEM), a specific -SH agent to study its effect on aqueous outflow. They found that a dosage of 4.7 mM or greater of NEM produced a significant increase in the facility of outflow in the calf and monkey eyes.
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Ethacrynic Acid
Ethacrynic acid (ECA) is an -SH-reactive agent that has been used as a systemic diuretic. It causes a dramatic reversible change in the cell shape in different cell lines including human trabecular, calf, and bovine pulmonary artery endothelial cells associated with changes in actin, α-actinin, vimentin, and vinculin. These shape changes are preceded by disruption and subsequent loss of β-tubulin staining. ECA is found to bind with tubulin and may affect tubulin metabolism directly. 43 AC perfusion with this agent lead to breaks in IW endothelial lining of the SC and loss of cell-cell attachments between the IW and the subendothelial trabecular cells and between trabecular cells themselves. 44 Ethier and colleagues, in their studies on living monkey eyes, found a 63 % increase in the outflow facility after intracameral perfusion with ECA.
They also noted increased platelet adhesion to the IW of SC, decreased I pore density, and a tendency of increasing density of large B pores. 45 Conversely, Epstein reported only a 20 % increase in the net facility shortly after a bolus injection of 10 µl of 2.5 mM ECA into the anterior chamber. 46 However, Croft reported a 71 % increase in the outflow facility 1 hour after drug infusion. 43 Melamed and colleagues injected intracameral ECA in patients with advanced OAG. They reported a drop in IOP ranging from 9-31 mm Hg after 5-15 µl ECA injection. The effect was noted 3-24 hours after treatment and lasted for 3 days. The IOP gradually returned to pretreatment values 1 week later. 47 No clinically apparent side effects have been reported in the anterior segments of cynomolgus/rhesus monkeys after intracameral ECA injections. Since these were young, healthy monkeys, it remains to be seen if the eyes of elderly glaucoma patients would behave similarly. 43 However, Melamed in his study of intracameral ECA in OAG patients did not observe any adverse effects on the cornea or anterior chambers. This led him to suggest that ECA could be used as a new class of drugs to treat OAG. on these exciting developments that may be another weapon in our armamentarium to manage glaucoma. ■
